Abstract: In this study, the effects of Cd on root growth, respiration, and transmembrane electric potential (Em) of the outer cortical cells in maize roots treated with various Cd concentrations (from 1 µM to 1 mM) for several hours to one week were studied. The Em values of root cells ranged between −120 and −140 mV and after addition of Cd they were depolarized immediately. The depolarization was concentration-dependent reaching the value of diffusion potential (ED) when the Cd concentration exceeded 100 µM. The values of ED ranged between −65 to −68 mV (−66 ± 1.42 mV). The maximum depolarization of Em was registered approx. 2.5 h after addition of Cd to the perfusion solution and in some cases, partial (Cd > 100 µM) or complete repolarization (Cd < 100 µM) was observed within 8-10 h of Cd treatment. In the time-dependent experiments (0 to 168 h) shortly after the maximum repolarization of Em a continuous concentrationdependent decrease of Em followed at all Cd concentrations. Depolarization of Em was accompanied by both increased electrolyte leakage and inhibition of respiration, especially in the range of 50 µM to 1 mM Cd, with the exception of root cells treated with 1 and 10 µM Cd for 24 and 48 h. Time course analysis of Cd impact on root respiration revealed that at higher Cd concentrations (> 50 µM) the respiration gradually declined (∼ 6 h) and then remained at this lowest level for up to 24 h. All the Cd concentrations used in this experiment induced significant inhibition of root elongation and concentrations higher than 100 µM stopped the root growth within the first day of Cd treatment. Our results suggest that Cd does not cause irreversible changes in the electrogenic plasma membrane H + ATPase because fusicoccin, an H + ATPase activator diminished the depolarizing effect of Cd on the Em. The depolarization of Em in the outer cortical cells of maize roots was the result of a cumulative effect of Cd on ATP supply, plasmalemma permeability, and activity of H + ATPase.
Introduction
In most natural environments the content of cadmium (Cd 2+ ) is low and does not cause significant phytotoxicity. However, Cd is a widespread heavy metal, released into the environment as a result of rock mineralization processes (Baker et al., 1990) or by anthropogenic activities. The main sources of toxic metals including Cd are e.g. power stations, heating systems, metal working industries, waste incinerators, urban traffic, cement factories and a by product of phosphate fertilizers and pesticides (Nriagu & Pacyna, 1998; Mhatre & Pankhurst, 1997) .
In most environmental conditions Cd enters the roots first. Consequently, the roots are likely to experience Cd damage first (Liu et al., 1995) . Among other detrimental effects of Cd, a decrease in the plant content of essential mineral nutrients has been reported (Breckle & Kahle, 1992; Ouariti et al., 1997) . Cd, as a divalent cation may compete with other cations in their transport across membranes. In general, Cd has been shown to interfere with the uptake, transport and use of Ca, Mg, P, K and water by plants (Das et al., 1997) . Also direct effects on membrane properties could account for lowered nutrient levels. Thus, alterations of membrane permeability or of the transmembrane electrical potential (E m ) (Kennedy & Gonsalves, 1987; Llamas et al., 2000; Noctito et al., 2002) and hence a decrease of ion influx rates, may explain the toxic effect of Cd (Llamas et al., 2000) .
The plant plasma membrane may be regarded as the first "living" structure that is a target for Cd toxicity. Membrane damage measured as an increased K + efflux or electrolyte leakages from Cd-treated tissues was reported by many authors (De Fillipis, 1979; Fuhrer, 1982; Keck, 1978; Llamas et al., 2000) . Cd 2+ significantly reduced the "normal" H + /K + exchange and the activity of plasma membrane ATPase (Obata et al., 1996) , and strongly affected the activity of several enzymes (Siedlecka et al., 1997; Van Assche & Clijsters, 1990) . The interaction between Cd and the membrane constituents such as lipids and/or proteins may result in the alteration of membrane fluidity, which in turn affects the activities of membrane-bound enzymes (Ros et al., 1992) . Cd treatment notably increased lipid peroxidation in pea plants (LozanoRodriguez et al., 1997) , in Phaseolus aureus (Shaw, 1995) , and Phaseolus vulgaris roots (Chaoui et al., 1997) indicating oxidative damage of membrane lipids by reactive oxygen species. On the other hand, no peroxidation was noticed in Cd-exposed plants and hairy roots of Daucus carota (Sanità di Toppi et al., 1998) . Varying responses to Cd-induced oxidative stress are probably related to both levels of Cd supplied and concentration of thiolic groups already present or induced by Cd 2+ treatment. Thiols possess strong antioxidative properties, and they are consequently able to counteract oxidative stress.
The aim of our work was to characterise the impact of Cd on membrane potential and permeability of maize root cells as well as on root growth. Because the transport processes on plasma membrane depend on energy supply root respiration was measured under the same conditionns as the membrane potential measurements.
Material and methods

Plant material
Maize (Zea mays L. cv. Tina) seeds were surface sterilised with 12% H2O2, placed in filter paper rolls soaked with distilled water and germinated in dark at 25
• C and 98% RH. Three-day-old maize seedlings with 5 cm long primary seminal roots were transferred to glass pots containing 1/5 diluted Knop's nutrient solution supplemented with different concentrations of CdCl2 (1 µM -1 mM) and cultivated in growth chamber E 8 (Conviron, Canada) at 20 for 12 h a day. Nutrient solution was continuously aerated.
Root length
Root length was measured every day using a ruler and the root length increment (difference of root length on each subsequent day, from the initial root length) was expressed in cm per day.
Electrophysiological measurements
Measurements of the membrane potential (Em) were carried out at 22
• C on cortical cells of 25 mm long apical root segments by standard microelectrode techniques described earlier (PAVLOVKIN et al., 1993) . The segments were attached to a Plexiglas holder with a soft rubber ring and mounted in a vertical 5 mL Plexiglas cuvette perfused at a flow rate 4 mL/min with a standard solution containing 0.2 mM KCl and 0.2 mM CaSO4, adjusted with NaOH to pH 6.5, in which various concentrations of CdCl2 were dissolved. The microelectrode was inserted into the outer cortex cells 10 mm from the root tip. Insertion of the microelectrode was observed under microscope and the electrode was pushed not farther than 30-40 µm into the tissue. Fusicoccin (FC) a P-ATPase stimulator was used (in 0.1% ethanol, final concentration 15 µM) for monitoring of functionality of this membrane H + pump (MARRÈ, 1979).
Membrane permeability 2.5 cm long apical segments of primary seminal maize roots were aged in 0.5 mM CaCl2 solution for 2 h. After this time, incubation solution was changed for a fresh one supplemented with various concentrations of CdCl2 and initial conductivity was determined by conductivity meter OK-102/1 (Radelkis, Hungary). In short term experiments conductivity changes were monitored every hour and expressed as a difference between the value of particular conductivity measured, and the value of the initial conductivity.
Respiration measurements
Two cm long apical segments cut from the primary roots of maize seedlings treated with various Cd concentrations were transferred into glass cuvette with 3 mL fully aerated 10 mmol L −1 phosphate buffer (pH 6.8). The rate of oxygen consumption was measured polarographically using a Clark-type oxygen electrode (YSI 5300, Yellow Springs Instrument, USA). The respiration rate was expressed as a percentage of respiration of control roots.
Results
Root growth
The impact of Cd on root growth was rapid and expressive. Even very low Cd concentrations (10-100 µM) significantly reduced root growth and magnitude of inhibition increased with time of exposure ( Fig. 1 ). Higher concentrations (0.1 mM and 1 mM) practically stopped root growth, and especially at 1 mM Cd the roots were brownish their upper parts wilted and became redcoloured. mM) induced rapid depolarization of E m to a value of the diffusion potential (E D ) (Fig. 2) . Similar effect was observed when the roots were exposed to anoxia (data not shown). The value of E D ranged between −65 to −68 mV (−66 ± 1.42 mV). The maximum Cd-induced depolarization of E m was registered approx. 2.5 h after addition of Cd to the perfusion solution and in some cases, partial (Fig. 2B, 3B ) or complete depolarization was observed within 8-10 h of Cd treatment ( Fig. 2A) . When FC (stimulator of P-ATPase) was added to the perfusion solution, the Cd-depolarised E m started to depolarise immediately and approx. −20 mV hyperpolarization was observed (Fig. 3A) . In time-dependent experiments shortly after the maximum repolarization of E m , slow but continuous decrease of E m followed at all concentrations tested with the exception of 1 and 10 µM Cd (Fig. 4) .
Electrophysiological measurements
During long-term experiments the roots treated with lower Cd concentrations (1 and 10 µM) had slightly more negative E m values than the control roots (Fig. 5 ). These differences were observed 24 h after the exposure of roots to Cd and maintained for at least 48 h. Between 72 and 144 h of Cd 2+ treatment the E m values strongly depolarised also at these low concentrations. Such strong depolarization (to E D values) occurred in the root cells treated with Cd concentrations above 100 µM for 24 h (Figs 4, 5) .
Membrane permeability
The effect of Cd on membrane permeability of maize root cells resulted in significant changes in electrolyte leakage from the roots (Fig. 6) . Various concentrations of Cd in the incubation medium induced significant increase in electrolyte leakage, which was continuous, and after 5-6 h of exposure the conductivity of incubation medium attained the value of control (untreated) roots. Longer exposure resulted in a sudden increase of elec- trolyte leakage, which was almost twice as high as in control roots after 24 h of Cd treatment.
Respiration measurements
One-day treatment of maize roots by various concentrations of Cd induced significant decrease in root respiration especially in the range of 50 µM to 1 mM of Cd (Fig. 7) . The extent of respiration fall was dosedependent and it was irreversible at the highest concentration. Very low concentrations (1 and 10 µM Cd) caused slight but insignificant increase in root respiration. Time course analysis of Cd impact on root respiration revealed that at higher Cd concentrations (> 50 µM) the respiration declines gradually up to 6 h of Cd treatment and then it remained at this lowest level for up to 24 h (Fig. 8) .
Discussion
Elevated concentrations of Cd as well as other heavy metals such Cu and Zn in soil can lead to significant inhibition of growth of most plants. The extent of the toxicity symptoms depends on the concentration of a given metal and on capability of plant species to withstand such unfavourable conditions. Maize belongs to plant species with high sensitivity to Cd and this has been supported by our results. Even very low concentrations of Cd (>10 µM) caused significant root growth inhibition and concentrations above 100 µM practically stopped the root growth after 24 h of Cd treatment. Almost 85% inhibition of relative growth rate (RGR DM ) was described in barley plants exposed to 54 µM Cd for 12 days and significant inhibition of RGR DM was found at Cd concentration above 4.5 µM (Vassilev & Yordanov, 1997) . Changes in growth rate and productivity of plants are the results of physiological disorders in Cd-exposed plants and belong to long-term effects of Cd. Short-term effects relate to changes induced by Cd within the intervals of minutes to hours. Depolarization of E m started almost immediately after application of Cd to the incubation medium. Cd concentrations above 100 µM depolarised E m to the value of E D (−66 to −74 mV) after 90-120 min exposure, and the magnitude of depolarization showed concentration dependence. The values of E m were similar to those obtained under anoxia. Similar results were obtained in the roots of maize (Kennedy & Gonsalves, 1987) and rice (Llamas et al., 2000) , and in Impatiens shoots (Aidid & Okamoto, 1992) . According to Aidid & Okamoto (1992) , 1 mM Cd depolarised the respiration-dependent component of the E m in the cells at xylem/symplast interface, while it had no effect on the passive permeability of the membrane. Lower Cd 2+ concentrations (below 0.5 mM) did not change the membrane potential at the xylem/symplast interface. On the other hand Llamas et al. (2000) and Kennedy & Gonsalves (1987) observed strong depolarization already at 0.1 mM Cd. Our results showed that even 50 µM Cd was able to induce slight depolarization in the outer cortical cells of maize root. It is possible that maize roots are more sensitive to Cd than the shoots of Impatiens plants used in experiments by Aidid & Okamoto (1992) . This explanation could be supported by observations with several times higher Cd accumulations in maize roots than in the shoots (Nocito et al., 2002; Farzami Sepher et al., 2003) , which was a typical feature for plant species sensitive to Cd (Jiang et al., 2004; Wu et al., 2004) .
Our measurement of E m in Cd 2+ treated maize roots could be interpreted by assuming that Cd 2+ inhibits the active component of E m , but a possible existence of a detoxifying mechanism in maize root would reverse his effect. The main strategy for Cd 2+ detoxification in plant cells is based on chelation by phytochelatins (PCs) and subsequent compartmentation of the Cd-PCs complex (Clemens, 2001) . In this context, it is interesting to note that in maize plants treated by Cd 2+ the higher sulfate uptake did not depend on an enhancement in the proton motive force across the plasma membrane (Nocito et al., 2002) . In fact, in Cd 2+ treated plants, the E m of root cortical cells was only slightly more negative than in controls, the external pH did not change, and the activity of plasma membrane H + -ATPase did not increase. et al. (2002) suggest that Cd-induced sulfate uptake depended on pre-translational regulation of the high-affinity sulfate transporter gene and, that this response was necessary for sustaining the higher sulfur demand during PC biosynthesis. On the other hand Ros et al. (1992) have shown that rice root plasma membrane H + -ATPase was inhibited by Cd 2+ when applied in vitro but not after 5 or 10 days of treatment in vivo. Obata et al. (1996) pointed out that ATPase from rice roots was very sensitive to Cd 2+ treatment in vitro, which was not correlated with the tolerance shown by intact plants. In our experiment FC applied to Cd-treated roots was able to hyperpolarize E m value of root cells even when 1 mM Cd concentration was used and depolarization reached the E D value. This has confirmed that Cd did not cause irreversible changes in plasmalemma H + -ATPase structure and, the resulting Cd-induced depolarization was a consequence of several constituents influenced by Cd. Llamas et al. (2000) suggest that Cd 2+ might initially affect the active component of the E m through direct inhibition of the plasmalemma H + -ATPase and not indirectly by inhibition of respiration. This is in partial contradiction with our results because Cd significantly reduced root respiration at concentrations above 50 µM.
Nocito
In time-dependent experiments slight but not significant stimulation of root respiration occurred at 1 and 10 µM Cd, and on the other hand 50 µM (not shown) and 250 µM Cd induced significant reduction of respiration with maximum effect after 6 h exposure to Cd. At the same time complete repolarization of E m was registered in root cells exposed to Cd concentrations lower than 50 µM. At these low Cd concentrations the E m values of root cells treated for 24 h were slightly more negative than in the control roots and these values of E m were maintained for at least 48 h. Completely different pattern of E m changes occurred when the roots were treated with 100 µM and higher concentrations of Cd. Except for the case of 100 µM Cd, the E m repolarization did not return to the initial value and even at 100 µM Cd shortly after repolarization of E m , depolarization started repeatedly and continued to the value lower than the value of E D . This depolarization was accompanied by increased membrane permeability, demonstrated by dramatic leakage of ions from root cells in the interval between 8 and 24 h of Cd treatment. After 24 h of Cd treatment the electrolyte leakage was almost twice as high as in the control roots. This electrolyte loss together with the respiration fall could be the main reason for E m decline during the long term effect of Cd on membrane potential of root cortical cells. E m depolarization during short term experiments especially when low Cd concentrations were applied to roots was a common effect of Cd-induced reversible inhibition of plasmalemma H + -ATPase because respiration was slightly stimulated at 1 and 10 µM of Cd. Higher Cd concentrations induced irreversible E m depolarization and were accompanied with significant inhibition of root respiration.
Inhibition of plasmalemma H + -ATPase activity by Cd together with a reduced supply of ATP due to Cdinduced reduction of respiration decreased the proton motive force (electrochemical potential for H + − ∆µ + H ) of this pump and resulted in the reduced uptake of important nutrients. This phenomenon described for macro-and micronutrients NO − 3 , K, Zn, Ca, Fe (Larsson et al., 2002; Nocito et al., 2002; Paľove-Balang et al., 2004) may consequently cause nutritional deficiencies. Changes in mineral nutrition, cell respiration rate, water uptake and inhibition of photosynthesis are the main Cd-induced physiological disorders, which result in growth retardation and plant productivity losses.
